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Abstract 
We give an overview of the MUFITS reservoir simulator capabilities for modelling subsurface carbon dioxide storage using the 
EOS-modules GASSTORE and BLACKOIL. The GASSTORE module covers solid-liquid-gas flows of water, carbon dioxide and 
salt components, and includes an option for automatic generation of the BLACKOIL PVT tables. We test the simulator against 
several benchmarking studies and then consider an application case of CO2 storage at the Ketzin pilot site, Germany. The modelling 
results are in excellent agreement with those produced with common scientific and standard industrial simulators.  
© 2016 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Understanding and quantifying processes in subsurface porous medium systems require application of robust 
reservoir simulators that include flexible modelling capabilities. A practical simulator should include advanced 
options for gridding, predicting fluid properties, accelerated simulations, etc. However, many free scientific simulators 
provide only a pale imitation of capabilities of commercial simulators commonly used in oil and gas industry. 
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We present several new options available now with the MUFITS reservoir simulator – a free software for 
hydrodynamic reservoir simulations [1–3]. MUFITS is a scientific software, but designed as a standard industrial 
simulator making advanced engineering-like techniques, similar to those provided with commercial software, 
available to the scientific community. This particular work aims at demonstrating and validating the capabilities of 
MUFITS for modelling subsurface CO2 storage in simplified benchmark problems and a complex 3D scenario based 
on CO2 storage at the Ketzin pilot site.  
1.1. MUFITS architecture 
The architecture of MUFITS includes the simulator kernel and several fluid property modules, i.e. EOS-modules 
(Fig. 1). Every EOS-module contains a mathematical description of the fluid properties, e.g. number of phases, number 
of components, equation of state, density, viscosity, etc. The simulator kernel contains all program procedures not 
depending on fluid properties, e.g. grids, petrophysical properties of rocks, wells, linear solver, etc. The kernel can be 
linked with various EOS-modules extending the application area of the software.  
This work discusses the GASSTORE and BLACKOIL modules. The GASSTORE module, developed recently, 
covers three-component three-phase solid-liquid-gas flow of water, gas and salt components, including thermal 
processes, and salt precipitation and dissolution. Thermophysical properties of different gas components are tabulated 
in the simulator, e.g. the properties of CO2, CH4, N2, etc. Thus, the GASSTORE module can be applied not only to 
subsurface CO2 storage but also to gas storage in saline aquifers. The extended black-oil model is utilized in the 
BLACKOIL module [4], which can be applied in the CO2 storage scenarios to two-phase flows of CO2 and brine 
components, neglecting salinity variations and solid phase precipitation. 
1.2. Converting GASSTORE to BLACKOIL 
When using CO2 component, the GASSTORE module utilizes the method proposed by Spycher et al. [5], and 
Spycher and Pruess [6] for predicting the properties of the H2O–CO2–NaCl mixture. Thus, there are three components, 
namely salt, water and CO2, and there are three phases, namely solid, brine and the gas phase (Fig. 2). The simulator 
can optionally treat the salt and gas components as dissolving in brine, and it is capable to represent water vapor in 
the gas phase. The solid phase comprises only the salt component. Depending on pressure and temperature conditions 
as well as dissolved salt concentration, salt can precipitate or dissolve in brine. Each of the three components and the 
respective phases can be enabled or disabled in the simulation run. For instance, to speed up the simulation only two 
components can be enabled, e.g. gas and water, or water and salt. 
The BLACKOIL model is capable to simulate three-phase three-component flows of water, oil and gas [4]. In this 
particular work, we assume that water is disabled when using BLACKOIL (Fig. 2). Thus, we assume that there are 
only two components and two phases with identical names, oil and gas. The gas component can optionally dissolve 
in the oil phase, and the oil component can vaporize in the gas phase. The BLACKOIL module is isothermal, so that 
flow in the porous medium is assumed to occur at constant reservoir temperature. 
 
  
Fig. 1. Architecture of the MUFITS simulator. Black-oil PVT tables can be generated using the GASSTORE module. 
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Fig. 2. GASSTORE models (left) can be automatically converted to BLACKOIL models (right). 
The GASSTORE module can be further used for generating of the black-oil PVT tables for a given reservoir 
temperature and brine salinity. These tables can be used in the conventional black-oil modelling approach that may 
be significantly faster. When converting GASTORE to BLACKOIL models, the salt and water components are treated 
as the oil component, whereas CO2 is represented as the gas component [7]. Gas dissolution in brine as well as water 
vapor in the gas phase can be optionally taken into account in the black-oil PVT tables. Salt precipitation and 
dissolution as well as thermal processes are neglected in the BLACKOIL module. 
1.3. Initial vertical equilibrium 
Both the BLACKOIL and GASSTORE modules include an advanced option for initializing a reservoir study. The 
option allows a fast calculation of the hydrostatic pressure distribution honoring given temperature and brine salinity 
distributions as well as capillary pressures [8]. This equilibration option saves a lot of time when applied instead of 
an iterative calculation of the initial conditions by time-stepping. 
To initialize the vertical equilibrium with both gas and water components enabled in the GASSTORE module, the 
user must provide a pressure at a given depth as well as the depth of the gas-water contact, which divides the reservoir 
into the gas and water zones (Fig. 3). The reservoir is mainly saturated with gas above the contact depth, possibly with 
a residual brine saturation, and mainly with brine below that depth. The user can optionally provide the distribution 
of the gas fraction dissolved in brine versus depth for the water zone as well as the distribution of water vapor in the 
gas for the gas zone. If non-isothermal processes are enabled in the simulation run, the user must provide temperature 
dependence versus depth data, corresponding to the local geothermal gradient. If the salt component is enabled, then 
the user must provide the distribution of salinity or solid phase saturation versus depth. The dependence of all 
parameters on depth is specified in a tabulated form. The output of the equilibration option is the hydrostatic 
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Fig. 3. Schematic view of the vertical equilibration option. 
2. Modelling benchmark problems 
2.1. CO2 injection into a 2D layered brine formation 
In order to validate MUFITS, we consider three benchmark problems. The first 2D isothermal problem concerns 
CO2 injection into a 2D layered brine formation [9,10]. The reservoir model comprises high-permeable sandstone 
layers and thin low-permeable shale layers (Fig. 4). The injection of CO2 occurs in the grid block denoted by ‘Inj’ at 
the bottom of the domain (Fig. 4(a)). A complete formulation of the benchmark study is given in [9,10]. This problem 
was simulated using MUFITS with both the GASSTORE and BLACKOIL modules. The distributions of the gas 
saturation, sg, and pressure, P, at t = 2 years as well as the vertical permeability, Kz, are shown in Fig. 4(a). The 
injection results in CO2 accumulation beneath the shale layers. The results obtained using the GASSTORE module 
are in a very good agreement with those of other codes, shown by grey curves in the background figures. In particular, 
the saturations of gas, sg, brine, sl, and solid phase, ss, in the well grid block denoted with ‘Inj’ (Fig. 4(b)) and the gas 
flow rate from that grid block in the x+, z– and z+ directions (Fig. 4(c)) are very close to the results of other codes. 
The gas saturations, in that well grid block and in the grid blocks immediately above, z–, below, z+, and to the right, 
x+, of Inj, and at x = 0 m, z = 958.5 m (Fig. 4(d)) as well as the distribution of sg at x=500 m (Fig. 4(e)) are also in a 
good agreement.  
The black-oil tables were generated using MUFITS for a temperature of 37°C and a low brine salinity of 0.00045, 
neglecting water vapor in the gas phase [9,10]. These tables were loaded into a BLACKOIL simulation considering 
the same benchmark scenario. In general, the results of the black-oil simulation show a good agreement with the 
results obtained using the GASSTORE module, but there is a high deviation in the well grid block (Fig. 4(b)), because 
the BLACKOIL module is neglecting salt precipitation in the near-well area. The saturation of the solid phase, ss, is 
identically zero, and therefore the gas and liquid saturations are also different from that provided in [9,10]. However, 
the results of the both modules coincide at any location in the model, where the salt precipitation does not occur 
(Fig. 4(e)). 
2.2. A 3D benchmark study on CO2 storage 
The second problem concerns CO2 injection in a realistic 3D reservoir with a geological fault [11]. There is a single 
injection well (Fig. 5). A constant injection rate is maintained over the time 0  t  25 years, and further the injection 
is stopped over the time t > 25 years. Salt precipitation and dissolution are not taken into account. A complete 
formulation of the problem is given in Class et al. [11]. The spreading of CO2 along the caprock results in a complex 
spatial distribution of gas saturation, sg, in the top layer. This distribution as well as the total mass of CO2 (summed 
over all grid blocks in the domain) in the gas phase and in brine are in good agreement with other codes, shown by 
grey lines (c.f. [11]). This benchmark problem was simulated using both MUFITS modules, whereby those produced 
by the BLACKOIL module are indistinguishable from the results predicted by the GASSTORE module. Earlier, the 
simulator was also tested against this benchmark using a different BINMIXT EOS-module [3]. 
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Fig. 4. Results of the simulation of CO2 injection into a 2D layered brine formation. The background figures are modified after Pruess et al. [9] 
and Pan et al. [10]. 
2.3. Benchmark against history-matched 3D models for CO2 storage at Ketzin pilot site 
The third benchmark problem is dedicated to the Ketzin pilot site for CO2 storage located close to the town of 
Ketzin, about 40 km west of Berlin, Germany [12]. About 67 kt of CO2 were injected from June 2008 until August 
2013 into the Triassic Stuttgart Formation of fluvial origin, consisting of sandstone channels embedded in a highly 
heterogeneous floodplain facies [13,14]. The high heterogeneity in porosity, and thus permeability, as well as the 
complex structure of the graben zone at the top of the Ketzin anticline result in high requirements to be fulfilled by 
the numerical simulator (Fig. 6). This is also emphasized by the high variations in the injection regime [15,16]. Further 
information on the model setup is given in Class et al. [17] and Kempka and Kühn [18]. 
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Fig. 5. Results of the simulation of CO2 injection into a realistic reservoir. The background figure is modified after Class et al. [11]. 
 
 
Fig. 6. Effective permeability and simulated gaseous CO2 saturation at the Ketzin site in July 2014. 
In the present benchmark comparison, we investigated the conformity of modelling results between the 
Schlumberger ECLIPSE 100 [17,18] and the MUFITS (BLACKOIL module) simulators [1]. The results show an 
excellent match between predictions of the two simulators (Fig. 7). In particular, the gas and liquid phase pressures, 
Pgas and Plig, in the near-wellbore zone simulated with ECLIPSE 100 and MUFITS do not show any deviations for the 
period from June 2008 until July 2015 (Fig. 6(a)). Here, the Pgas and Pliq values are different due to consideration of 
capillary pressure. The volumes of CO2 in different phase states (summed over all grid blocks) predicted by ECLIPSE 
 Andrey Afanasyev et al. /  Energy Procedia  97 ( 2016 )  395 – 402 401
100 and MUFITS are also identical (Fig. 6(b)), whereby sm3 denotes cubic meters at surface conditions. In view of 
other existing benchmarks using scientific simulators [19], we especially want to point out the excellent agreement 
achieved. 
For the last benchmark, MUFITS requires roughly twice the computational time compared to ECLIPSE for the 
same simulation run, using identical hardware and number of CPU cores. However, it has to be noted that MUFITS 
shows a good linear scalability (up to 50–60 cores for a model comprising 250–300 thousand grid blocks) [20], while 
ECLIPSE does not show any relevant speed-up when using more than six cores [21]. Hence, assigning more cores to 
the MUFITS process will result in a lower computational time compared to ECLIPSE. It has also to be noted that 
TOUGH2 is significantly slower than ECLIPSE (by about factor 20) when modelling CO2 injection at the Ketzin site 
[18]. Thus, MUFITS is significantly faster than TOUGH2 in parallel mode. 
Consequently, MUFITS is perfectly suited to deal with highly complex reservoirs, including faults and highly 
varying production/injection data. 
3. Conclusions 
Our results show that MUFITS is a flexible and robust simulator capable of modelling subsurface carbon dioxide 
storage in complex 3D geological settings. The simulator includes different EOS-modules and comprehensive options 
to ease the modelling process. The results of the simulations of benchmark problems using MUFITS are in excellent 
agreement with those produced with other scientific and industrial standard simulators. 
 
 
Fig. 7. Comparison of the simulated reservoir pressures and mass balances at the Ketzin pilot site, using MUFITS and ECLIPSE. 
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